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1.  INTRODUCTION 


The  deformation  of  structures  due  to  blast  is  of  concern  because  of  the  severe  damage 
that  can  ensue.  An  important  tool  in  predicting  the  response  of  structures  to  blast  has  been  the 
computer  code,  either  used  by  itself  or  in  conjunction  with  experiments.  This  raises  the  problem 
of  assessing  the  accuracy  of  numerical  results.  Because  in  most  real  situations  the  structure  is 
complex  and  the  response  is  often  nonlinear,  there  are  no  analytical  solutions  available  with 
which  to  make  comparisons  and  the  accuracy  of  a  numerical  solution  has  to  be  evaluated 
experimentally.,  The  validity  of  such  an  evaluation  often  hinges  on  the  precise  determination, 
both  spatially  and  temporally,  of  the  loading  imposed  on  the  structure  and  the  accurate 
characterization  of  the  constitutive  properties  of  the  materials  used  in  the  structure^.  Moreover, 
even  for  the  relatively  simple  case  of  flat  plates,  there  are  problems  associated  with  realizing 
idealized  boundary  conditions  experimentally  and  recording  loading  functions  accurately^-^. 
Measuring  loads  accurately  can  be  especially  difficult  when  the  blast  results  from  the  detonation 
of  an  explosive  located  close  to  the  structure^. 

Shock  tubes  have  been  employed  as  one  means  of  defining  loads  precisely,  either  directly 
by  mounting  pressure  gauges  on  a  non-responding  fixture  during  the  test^  or  indirectly  by  the  use 
of  a  non-responding  model  of  the  structure  instrumented  with  pressure  gaugesk  This  report 
presents,  the  results  of  an  investigation  into  the  suitability  of  a  small  shock  tube  facility  for 
performing  highly  precise  plate  response  experiments  in  which  large  deflections  and  elastic-plastic 
deformations  are  experienced.  The  objectives  were  to  determine  how  well  the  shock  tube 
resolved  the  problem  of  precisely  defining  the  loading  imposed  - on  the  plate,  to  evaluate  the 
accuracy  of  a  finite-difference  structural  response  code  in  predicting  large  transient  deflections, 
and  to  assess  the  performance  of  an  optical  displacement  follower  in  measuring  highly  transient 
deflection  histories. 


2.  DESCRIPTION  OF  TESTS 

The  tests  were  conducted  at  the  Ballistic  Research  Laboratory’s  small  shock  tube 
facility®.  The  test  arrangement  is  schematically  shown  in  Figure  1.  The  tube  has  a  102  mm  by 
381  mm  (4  inch  by  15  inch)  rectangular  test  section  at  the  open  end,  which  for  this  test  series  was 
sealed  off  by  hydraulically  clamping  the  plate  specimens  there.  This  exposed  a  102  mm  by  381 
mm  rectangular  area  of  the  specimen  to  a  more  or  less  constant  reflected  shock  pressure  for 
approximately  4  to  6  milliseconds  during  the  tests.  The  specimens  themselves  were  254  mm  by 
534  mm  (10  inch  by  21  inch)  rectangular  plates  of  2SO  aluminum  in  two  thicknesses:  0.508  and 
0.813  mm  (0.020  and  0.032  inches).  Initial  tests  showed  that  the  76  mm  margin  provided  for 
clamping  the  plates  was  not  sufficient  to  prevent  slipping  under  load,  and  it  was  necessary  to 
machine  matching  crimping  channels  into  the  faces  of  the  clamping  surfaces  to  mechanically 
secure  the  plates. 

The  OPTRON  optical  displacement  follower^  was  used  to  record  the  time  history  of  the 
deflection  at  the  center  of  the  plate.  This  instrument  senses  displacements  by  measuring  changes 
in  the  intensity  of  light.  For  these  tests,  the  OPTRON  instrument  was  mounted  outside  the 
shock  tube  immediately  after  the  test  section  and  pointing  through  windows  in  the  sides  of  the 
tube  toward  a  light  source  on  the  opposite  side,  as  shown  in  Figure  1.  A  light-weight  balsa  block 
was  fixed  to  the  center  of  the  plate  to  project  into  the  field  of  view  between  the  OPTRON  and 
the  light  source,  in  this  way  restricting  the  amount  of  light  falling  on  the  instrument  as  a 
function  of  the  plate  displacement. 
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Figure  1,  Schematic  of  the  shock  tube  arrangement  for  the  plate  response  experiments. 


LIGHT  SOURCE 


The  tests  were  performed  over  a  range  of  pressures  to  assure  that  the  specimens  would 
undergo  moderate  to  large  deflections  without  rupturing.  This  was  facilitated  by  the  relatively 
high  ductility  of  the  specimen  material.  It  was  found  that  the  OPTRON  did  not  always  produce 
acceptable  records  of  the  deflection  histories.  However,  a  sufficient  number  of  relatively  clean 
records  were  obtained  for  each  plate  thickness  to  permit  comparison  with  code  calculations  for 
three  distinct  levels  of  pressure,  summarized  in  Table  1. 


3.  DESCRIPTION  OF  COMPUTER  CODES 


The  REPSIL  and  the  RPSLlD®  computer  codes  were  chosen  for  the  comparison  because 
they  treat  the  large  deformation  of  plates  and  shells  without  restrictions  as  to  magnitude,  they 
are  reasonably  straightforward  to  use,  and  our  experience  has  shown  them  to  be  accurate  and 
reliable.  The  REPSIL  code  is  a  finite  difference  program  that  treats  the  finite  transient 
deformation  of  thin  shells  based  on  the  Kirchhoff  assumption.  The  RPSLlD  code  is  a  one 
dimensional  version  of  the  REPSIL  code  that  reduces  the  intrinsic  shell  coordinates  from  two  to 
one  dimension  by  the  assumption  of  either  plane  strain  or  axisymmetric  deformations.  Both 
codes  use  a  second  order  accurate  spatial  scheme  to  approximate  the  shell  equations  and  a 
centered  time  scheme  to  explicitly  integrate  the  equations  of  motion.  As  is  usual  with  an  explicit 
time  scheme,  the  size  of  the  time  step  must  be  restricted  to  maintain  numerical  stability^L 

Both  codes  have  a  fairly  advanced  capability  for  modeling  elastic-plastic  behavior.  The 
so-called  mechanical  sublayer  modeP^  jg  ^ggj  simulate  nonlinear  kinematic  hardening  in  a 
piece-wise  linear  manner.  To  simulate  strain. rate  hardening,  a  hardening  law  of  the  form^^ 


'^15 


(1) 


is  used  to  amplify  the  value  of  the  static  yield  stress,  S',,  ,  as  a  function  of  the  second  invariant  of 
the  deviatoric  strain  rate  tensor,  e  ,  to  give  an  augmented  dynamic  yield  stress,  S  ,  {D  and  p  are 
material  parameters).  Figure  2  shows  a  typical  polygonal  fit  used  by  the  mechanical  sublayer 
model  to  simulate  the  nonlinear  hardening  curve  and  corresponding  amplification  produced  by 
the  strain  rate  hardening  law.  This  latter  feature  was  explored  as  a  means  of  effecting  a  closer 
correspondence  between  test  results  and  calculations. 


The  codes  accept  surface  pressure  loading  that  can  vary  in  space  and  in  time, 
automatically  adjusting  the  direction  of  load  application  to  compensate  for  the  change  in  the 
orientation  of  the  surface  normal  as  the  shell  undergoes  finite  deformations.  Initial  calculations 
were  carried  out  assuming  that  the  pressures  imposed  on  the  plate  remained  constant  at  the 
values  of  the  peak  reflected  shock  pressures  listed  in  Table  1.  Subsequently,  a  piston  theory^^ 
type  of  velocity  dependent  correction,  based  on  the  equation 


Pr-Pa=  P;  -  Pa°  "  {P?  <  +  PI  C^)  V„ 


(2) 


was  programmed  into  RPSLlD,  where  P  denotes  pressure,  p  density,  c  sound  speed  of  air,  and 
is  the  current  normal  velocity  of  the  plate,  while  the  superscript  o  refers  to  the  nominal 
(constant)  values  and  the  subscripts  r  and  a  to  values  on  the  front  or  reflected  side  of  the  plate 
and  on  the  back  or  ambient  side,  respectively. 


3 


1000/s 

100/t 

10/8 

0/8 


Figure  2.  Amplification  of  piecewise  linear  static  stress-strain  curve  produced  by  the  strain  rate 
hardening  law. 

4.  MECHANICAL  PROPERTIES  OF  PLATE  SPECIMENS 

The  elastic  properties  of  the  plate  specimens  were  taken  as  the  nominal  values  for 
aluminum: 

Young’s  Modulus  =  69  GPa  (10^  psi) 

P oisson ’s  Ratio  =0.3 

Mass  Density  =  2700  kg/m^  (.000253  Ib-s^/in^) 

The  elastic-plastic  properties  were  determined  from  a  series  of  tensile  tests  performed  using  an 
INSTRON  machine.  The  typical  tension  specimens,  356  mm  in  length  and  38  mm  in  width  in 
the  test  section  (i.  e.,  away  from  the  grips)  were  cut  for  each  thickness  of  plate. 

Initial  tests  indicated  that  the  plates  were  not  entirely  isotropic  as  a  result  of  the  rolling 
process  used  during  manufacture  and  it  was  necessary  to  test  specimens  cut  parallel  and 
perpendicular  to  the  rolling  direction.  It  also  was  found  that,  as  a  result  of  the  low  strength  of 
the  aluminum  and  the  relative  thinness  of  the  specimens,  the  strain  gauge  and  the  adhesive  used 
to  bond  it  to  the  test  section  locally  strengthened  the  specimen  and  produced  an  artificially  high 
stress-strain  curve.  This  problem  forced  us  to  abandon  strain  gauge  techniques  in  favor  of  less 
accurate  means  of  measuring  extension.  However,  to  assure  validity  of  results,  two  independent 
means  were  used:  a  visual  method  based  on  taking  photographs  of  markings  on  the  surface  of  the 
tension  specimen  and  a  mechanical  method  using  a  cathetometer. 

The  resulting  tensile  test  data,  depicted  in  Figure  3,  clearly  show  the  anisotropy  of  the 
specimens  and  the  different  material  properties  for  the  two  thicknesses.  The  data  are  plotted  as 
Cauchy  stress  versus  Almansi  strain^^,  in  agreement  with  the  variables  that  the  REPSIL  and 
RPSLlD  codes  accept  as  input.  Also  shown  are  the  polygonal  simulations  of  the  nonlinear 
hardening  curves  employed  in  the  codes.  Since  for  some  aluminums  strain  rate  dependent 
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Figure  3.  Piecewise  linear  fits  to  tensile  test  data  used  by  mechanical  sublayer  model. 
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hardening  during  plastic  flow  can  be  significant,  see  Huffington  &  Wortman^^  for  an  interesting 
attempt  to  quantify  this  phenomena,  it  was  decided  to  employ  the  strain  rate  hardening  model  in 
the  codes.  However,  because  no  dynamic  material  data  were  available,  nominal  values  of  p  =  4 
and  D  =  6500  for  6061-T6  aluminum,  as  published  by  Symonds^^,  were  used  for  the  rate 
hardening  parameters  in  equation  (l). 


5.  CONVERGENCE  STUDY 

A  convergence  study  was  carried  out  to  investigate  the  possibility  of  replacing  a  model  of 
the  entire  plate  by  a  model  of  a  plane  strain  lateral  cross-section  and  to  determine  the  degree  of 
mesh  refinement  needed  to  accurately  predict  deflections.  Advantage  was  taken  of  the  problem's 
two  planes  of  symmetry  to  model  one  quarter  of  the  entire  plate  with  the  REPSIL  code,  with  the 
mesh  divisions  in  the  longitudinal  direction  refined  from  5  to  18,  while  the  divisions  in  the  lateral 
direction  were  held  fixed  at  5,  This  is  shown  in  Figure  4  for  the  deformed  mesh  at  maximum 
deflection.  Calculations  were  performed  for  a  reflected  pressure  of  332  kPa  on  the  0.508  mm 
thick  plate.  The  first  maxima  of  the  lateral  strains  and  normal  deflections  at  the  center  of  the 
plate  (which  occurred  at  540  microseconds)  were  compared  for  the  three  mesh  sizes  and  found  to 
be  virtually  unaffected  by  the  refinement.  Moreover,  as  the  mesh  was  refined,  the  longitudinal 
strain  at  the  center  was  found  to  approach  a  value  of  zero.  These  results  justified  using  the 
RPSLlD  code  to  perform  a  plane  strain  analysis  of  the  cross-section  in  place  of  the  REPSIL 
model  of  the  plate. 

Again,  based  on  symmetry,  the  RPSLlD  code  modeled  one  half  of  the  lateral  cross-section 
of  the  plate,  with  the  mesh  divisions  refined  from  5  to  40,  as  shown  in  Figure  5  for  the  mesh  at 
maximum  deflection.  As  before,  a  reflected  pressure  of  332  kPa  was  applied  to  the  0.508  mm 
thick  plate.  For  the  initial  calculations,  the  engineering  stress  versus  engineering  strain  curve 
was  employed.  The  first  maxima  of  the  deflection  at  the  center  of  the  plate  (occurring  at 
between  538  and  546  microseconds)  were  plotted  as  the  mesh  was  refined  and,  as  shown  in  Figure 
6,  were  found  to  converge  more  or  less  linearly  to  a  value  of  24,3  mm.  Although  the  value  was 
considerably  more  than  the  19.6  mm  recorded  in  the  test  at  332  kPa  reflected  pressure,  this  was 
not  entirely  surprising,  since  at  the  large  strains  calculated,  the  Cauchy  stress- Aim  ansi  strain 
curve  called  for  by  the  code  should  have  been  used. 

Hence,  with  the  slope  of  convergence  established,  calculations  proceeded  using  the  10 
mesh  model  since  it  predicted  a  deflection  within  0.5%  of  convergence,  a  value  well  within  the 
estimated  range  of  experimental  error.  Using  the  exact  Cauchy  stress- Aim  ansi  strain  curve  as 
input,  the  increase  in  apparent  stiffness  gave  a  maximum  deflection  corresponding  to  a  converged 
value  of  22.4  mm,  still  somewhat  more  than  the  experimental  value  (Figure  6).  Repeating  the 
calculation  using  the  piston  theory  pressure  correction,  a  significant  improvement  was  achieved 
with  a  predicted  converged  maximum  deflection  of  19.9  mm,  within  2%  of  the  test  result. 
Repetition  of  the  last  calculation  with  the  addition  of  the  strain  rate  hardening  resulted  in  a 
converged  maximum  deflection  of  17.1  mm,  considerably  lower  than  the  test  result.  The  results 
summarized  in  Figure  6  show  that: 

•  the  strains  undergone  by  the  plate  were  large  enough  to  require  the 
use  of  the  exact  Cauchy  stress-Almansi  strain  curve, 

•  it  is  necessary  to  correct  the  pressure  imposed  on  the  plate  for  the 
effects  of  plate  motion, 

•  the  strain  rate  hardening  model  using  the  nominal  values  of  the 
material  parameters  exaggerates  hardening  effects. 
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Figure  4,  Longitudinal  mesh  refinement  used  by  the  REPSIL  code  for  convergence  study. 


The  last  two  items  deserve  further  discussion.  Piston  theory  and  strain  rate  hardening 
were  applied  individually  in  this  and  subsequent  calculations  and  were  found  to  have 
approximately  the  same  quantitative  effect  in  reducing  deflections,  although  strain  rate  hardening 
dampened  peaks  somewhat  more.  However,  because  the  strain  rate  hardening  parameters 
employed  were  for  6061-T6  rather  than  2SO  aluminum,  less  reliance  was  placed  on  the  results 
using  this  model  than  the  piston  theory  model,  which  at  least  employed  parameters  in  equation 
(2)  corresponding  to  the  experiments.  Moreover,  it  has  recently  been  pointed  out  to  the  writer^^ 
that  2SO  aluminum  is  particularly  rate  insensitive  and  that  the  use  of  the  6061-T6  parameters 
most  likely  exaggerated  the  effects  of  rate  sensitivity. 
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Figure  5.  Cross-sectional  mesh  refinement  used  by  the  RPSLID  code  for  convergence  study. 

6.  CORRELATION  OF  TEST  RESULTS  AND  COMPUTATIONS 

Once  the  convergence  study  had  demonstrated  that  the  plane  stress  model  using  10  mesh 
points  would  calculate  deflections  with  sufficient  accuracy,  calculations  were  undertaken  to  match 
a  series  of  tests  in  which  the  pressure  loading  levels  had  been  adjusted  to  give  a  graduated 
increase  in  the  deflections  and  the  amount  of  plasticity.  As  already  mentioned,  not  all  the 
deflection  histories  recorded  by  the  OPTRON  were  acceptable,  but  relatively  clean  records  were 
obtained  corresponding  to  three  distinct  levels  of  pressure  for  each  plate  thickness,  as  shown  in 
Table  1.  RPSLID  calculations  were  performed  for  these  pressures  under  the  three  following 
conditions: 
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Figure  6.  Comparison  of  converged  values  of  computed  maximum  deflections  with 
experimental  result. 

•  maintaining  the  reflected  pressure  constant  at  its  peak  value, 

•  applying  the  piston  theory  correction  to  the  pressure  loading, 

•  in  addition,  using  the  strain  rate  hardening  model. 

The  correct  Cauchy  stress- Aim  ansi  strain  hardening  curves  corresponding  to  each  plate 
thickness,  as  obtained  by  averaging  the  data  parallel  and  perpendicular  to  the  rolling  direction 
h  igure  3,  were  used.  ’ 
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The  comparisons  between  computed  and  experimental  deflection  histories  at  the  center  of 
the  plates  are  summarized  in  Figures  7  to  12.  It  should  be  remarked  that  though  the 
experimental  records  do  show  some  noise,  this  is  most  likely  due  to  natural  vibrations  in  the  test 
apparatus,  since  noise  can  be  detected  in  the  records  before  the  shock  reflects  from  the  plate.  It 
can  be  seen  that  the  OPTRON  instrument  performed  very  well  on  the  tests  with  the  0.508  mm 
plates,  with  the  amplitude  of  increased  noise  never  exceeding  8%  of  the  maximum  deflection.  On 
the  tests  with  the  0.813  mm  plates,  its  performance  was  poorer.  At  the  lowest  pressure,  148  kPa, 
some  malfunction  clearly  occurred  just  after  the  first  maximum,  although  the  crests  of  the 
measured  deflections  appear  to  have  some  resemblance  to  reality.  Our  experience  has  shown  the 
OPTRON  to  be  a  fairly  reliable  instrument,  although  there  is  the  possibility  that  perhaps  it  was 
not  solidly  anchored  for  this  test.  A  more  likely  explanation  is  that  the  balsa  follower  tore 
partially  loose,  enabling  it  to  intermittently  swing  out  of  the  field  of  view  of  the  OPTRON  and 
thus  causing  the  instrument  to  register  apparently  reduced  instantaneous  deflections.  At  the 
next  level,  222  kPa,  the  record  is  better,  but  still  shows  two  unaccountable  spikes  near  the  first 
and  second  maxima.  Although  there  is  a  slight  possibility  that  stress  waves  reflecting  back  and 
forth  in  the  follower  may  have  caused  the  spikes,  this  is  hardly  likely  since  no  other  records 
exhibit  similar  spikes.  On  the  other  hand,  the  record  at  the  highest  pressure,  339  kPa,  for  the 
0.813  mm  plate  is  as  good  as  those  obtained  with  the  0.508  mm  plates.  Hence,  the  anomalies  in 
the  0.813  mm  plate  records  cannot  be  caused  by  the  difference  in  plate  thickness.  Lastly,  it 
should  be  mentioned  that  post-test  inspection  showed  that  the  plates  had  undergone  some  local 
indentation  at  the  center  where  the  balsa  followers  attached,  indicating  that  even  these  light 
followers  had  sufficient  inertia  to  mechanically  deform  the  plates  and  that,  perhaps,  follower 
inertia  effects  may  have  contributed  to  some  of  the  anomalies  present  in  the  test  records. 

As  for  computed  results,  those  assuming  constant  pressure  appear  to  reproduce  the 
profiles  of  the  test  histories  best,  although  they  typically  overpredicted  deflections.  The  piston 
theory  correction  tended  to  dampen  oscillations,  so  that  the  profiles  do  not  match  the  OPTRON 
data  as  closely  as  the  constant  pressure  calculations,  but  on  the  average  give  a  better  prediction 
of  the  magnitudes  of  the  deflections.  The  addition  of  strain  rate  hardening  dampened  the  profiles 
even  more  and,  moreover,  in  all  cases  underpredicts  experimental  deflections.  Computationally, 
however,  the  strain  rate  hardening  model  performed  very  well  and  did  not  exhibiting  the  erratic 
oscillatory  behavior  reported  by  Huffington  and  Wortman^^,  which  forced  them  to  replace 
equation  (l)  by  a  more  smoothly  transitioning  function. 

Comparing  the  deflections  at  the  first  maxima,  the  salient  features  of  the  study  are 
summarized  in  Table  1  and  Figure  13.  In  all  cases,  the  average  pressure  calculations 
overpredicted  maximum  deflections,  while  the  addition  of  strain  rate  hardening  to  the  piston 
theory  calculations  resulted  in  consistently  underpredicting  deflections.  On  the  average,  the 
calculations  that  involved  correcting  the  reflected  pressures  for  plate  motion  gave  the  best 
correlation,  although  scatter  is  considerable.  Somewhat  puzzling  is  the  opposite  trends  exhibited 
by  the  maximum  deflection  data  for  the  two  plate  thicknesses  in  Figure  13.  While  in  the  case  of 
the  0.508  mm  specimens,  a  curve  passing  through  the  experimental  points  would  slope  less  than 
any  of  the  computed  curves,  the  opposite  is  true  for  the  0.813  mm  specimens.  Like  the  scatter 
already  alluded  to,  this  appears  to  be  symptomatic  of  the  correlation  achieved  in  this  study.  It  is 
not  clear  what  the  source  of  this  discrepancy  might  be  without  further  experimentation. 
Although  one  source  for  the  observed  scatter  is  probably  variations  in  the  material  properties  of 
the  plates,  it  is  hard  to  believe  this  was  enough  to  cause  such  large  discrepancies.  A  more  likely 
source  is  natural  scatter  in  reproducing  data  experimentally,  but  without  further  testing  it  is 
impossible  to  quantify  this  in  terms  of  error  bounds.  One  thing  is  clear,  future  tests  should  be 
conducted  with  engineering  material  manufactured  with  better  quality  control  to  assure 
reproducibility  of  material  parameters  and  tests  should  be  repeated  at  the  same  loading  levels  to 
establish  error  bounds. 


10 


Figure  7.  Comparison  of  computer  and  experimental  deflection  histories  for  0.508  mm  plate  at 
77  kPa  reflected  pressure. 


igure  8.  Comparison  of  computer  and  experimental  deflection  histories  for  0.508  mm  plate  a 
144  kPa  reflected  pressure. 
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igure  11.  Comparison  of  computer  and  experimental  deflection  histories  for  0.813  mm  plate  at 
222  kPa  reflected  pressure. 


Figure  12.  Comparison  of  computer  and  experimental  deflection  histories  for  0.813  mm  plate 
339  kPa  reflected  pressure. 


TABLE  1.  Comparison  of  first  maxima  of  deflections. 


MAXIMUM  DEFLECTIONS-millimetfirs 

Specimen 

Reflected 

Experiment 

Finite-Difference  Calculations 

Thickness 

Pressure 

OPTRON 

mm  (in.) 

kPa  (psi) 

Nominal 

Piston 

Piston  Th.  4- 

Pressure 

Theory 

Strain  Rate 

0.508  (0.020) 

77  (11.1) 

7.4 

8.06 

7.14 

6.12 

0.508  (0.020) 

144  (20.9) 

10.6 

12.77 

11.38 

9.88 

0.508  (0.020) 

232  (33.7) 

13.8 

17.60 

15.45 

13.45 

0.813  (0.032) 

148  (21.5) 

7.0 

8.14 

7.58 

6.73 

0.813  (0.032) 

222  (32.2) 

10.1 

10.82 

9.92 

8.75 

0.813  (0.032) 

339  (49.1) 

14.5 

14.78 

13.35 

11.42 
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f  igure  13.  Summary  of  correlation  between  computed  and  experimental  maximum  deflections. 
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7.  CONCLUSIONS  AND  RECOMMENDATIONS 


This  study  has  shown  that  the  small  shock  tube  can  be  a  useful  facility  for  performing 
precise  structural  response  experiments.  Also,  such  facilities  usually  can  provide  better  support 
for  detailed  instrumenting  of  experiments  than  field  testing.  Moreover,  with  care,  boundary 
conditions  can  be  accurately  replicated.  As  long  as  deflections  are  small,  fluid-structure 
interaction  can  be  ignored  and  nominal  values  of  the  loads  can  be  employed.  When  deformations 
become  moderately  large,  a  simple  fluid-structure  interaction  model,  such  as  the  piston  theory 
used  in  this  study,  is  sufficient  to  correct  variations  in  the  loading  from  nominal  values. 

In  general,  the  OPTRON  instrument  recorded  the  motion  of.  the  follower  accurately. 
Except  for  one  case  (0.813  mm  thickness  and  148  kPa  pressure),  where  perhaps  there  was  a 
problem  with  the  follower  not  being  securely  anchored,  the  noise  levels  did  not  unduly  interfere 
with  interpreting  the  records.  Use  of  balsa  followers  was  not  very  successful.  In  addition  to  the 
problem  caused  by  the  followers  having  enough  inertia  to  locally  indent  the  plates,  there  may 
have  been  a  problem  with  securely  fastening  them.  The  indentation  caused  by  their  inertia 
probably  reduced  the  maximum  recorded  deflections,  but  the  magnitude  of  this  effect  is  difficult 
to  quantify  after  the  fact.  Hence,  in  the  future  this  problem  could  be  avoided  by  the  use  of  a 
massless  follower,  perhaps  by  the  painting  a  demarcation  on  the  plate’s  surface. 

The  conclusions  drawn  from  the  study  can  be  summarized  as  follows:  ‘ 

•  the  small  shock  tube  is  a  useful  research  tool  for  performing 
inex|)ensivej  p'fecisidif  transient  response  experiments, 

•  the  nominal  value  of  the  pressure  loading  on  a  thin  plate 
undergoing  moderately  large  transient  deflections  can  be 

’  '^significantly  altered  by  the  plate’s  motion,  so  that  some  correction;" 
such  as  provided  in  this  study  by  piston  theory,  is  necessary  to  * 
accurately^calculate  the  deflections, 

.  "j-  '  ?  ' 

•  future  use  of  engineering  materials  with  better  quality  control  of 

physical  properties  s'hould  improve  the  correlation  between  test 
results  and  calculations,  '  y' 

•  the  performance  of  the  OPTRON  instrument  was  acceptable,  but 

perhaps  better  anchoring  might  reduce,  the  noise  observed  in  some 
records,  '  * 

•  the  use  of  followers,  no  matter  how  light  weight,  should  be  replaced  ' 
by  some  massless  optical  means, 

•  tests  should  be  duplicated  in  order  to  establish  error  bpunds. 
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ATTN:  CRDABH-X 
CRDABH-S 

Huntsville,  AL  35807 

1  Commander 

US  Army  BMD  Command 
ATTN:  BDMSC-TFN,  N.J.  Hurst 
P.O.  Box  1500 
H'untsville,  AL  35807 

1  Commander 

US  Army  Engineer  Division 
ATTN:  HNDED-FD 
P.O.  Box  1500 
Huntsville,  AL  35807 
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2  Deputy  CLief  of  Staff  for 

Operations  and  Plans 
ATTN :  Technical  Library 

Director  of  Chemical  & 
Nuclear  Operations 
Department  of  the  Army 
Washington,  DC  20310 

3  Comomander 

US  Army  Engineers 
Waterwa37s  Experiment  Station 
ATTN :  Technical  Library 
Jim  Watt 
Jim  Ingram 
P.O.  Box  631 
Vicksburg,  MS  39180 

1  Commander 

US  Army  Materiel  Command 
ATTN:  AMGERA-ST 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333-0001 

3  Commander 

US  Amy  Armament  ROSE  Center 
ATTN:  SMCAR-TDC 
SMGAR-MSI 

SMCAR-TE,  W.  H.  Moore,  III 
W.  Reiner 

Dover,  NJ  07801-5001 
1  Commander 

US  Amy  Armament,  Munitions  and 
Chemical  Command 
ATTN:  AMSMC-IMP-L 
Rock  Island,  IL  61299-7300 

1  Commander 

US  AMOOCM  ARDEC  CCAC 
Benet  Weapons  Laboratory 
Armament  RSD  Center 
ATTN ;  SMCAR-CCB-TL 
Watervliet,  NY  12189-4050 


1  Commander 

US  Amy  Aviation  Research  aM 
Development  Command 
ATTN:  AMSAV-ES 
4300  Goodfellow  Boulevard 
St.  Louis,  MO  63120-1798 

1  Director 

US  Amy  Aviation  Research,  and 
Technology  Activity 
Ames  Research  Center 
Moffett  Field,  CA  94035-1099 

I  Commander 

U.S.  Amy  Communications  - 
Electronics  Command  (CECCM) 
CEOQM  RSD  Technical  I  library 
ATTN:  AMSEL-IM-L,  B  2700 
Fort  Monmouth,  NJ  07703-5000 

II  Director 

US  Anry  Harry  Diamond  Labs 
ATTN :  DELHD-TA-L 

ERXDa-TI/002 

ERKDO-NP 

DEILHD-RBA,  J.  RosadO 
Mr.  James  Gaul 
Mr.  L.  Belliveau 
Mr.  J.  Meszaros 
Mr.  J.  Gwaltney 
Mr.  Bill  Vault 
Mr.  R.  J.  Bostak 
Dr.  W.  J.  Schuman,  Jr. 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 

1  Commander 

US  Amy  Missile  Command 

ATTN:  AMSMI-RD-nE-UB,  H.  Greene 

Redstone  Arsenal,  AL  35898-5249 

1  Director 

US  Amy  Missile  and  Space 
Intelligence  Center 
ATTN:  AIAMS-YDL 
Redstone  Arsenal,  AL  35898-5500 


22 


DISTRIBUTION  HIST 


No.  Of 

Copies  OpgaiLi  Tiati  mi 

2  Ctoinrnemder 

US  Array  Natick  Research.  aM 
Development  Center 
ATTN:  ERXEffi,  Dr.  D.  Sieling 

STRNC-UE,  J.  Calligeros 
Natick,  MA  01762 

2  Commander 

US  Array  Tank  Automotive  Research 
and  Development  Command 
ATTN:  AMSTA-TSL 

ERCTA-ZSS,  J.  Thompson 
Warren,  MI  48397-5000 

1  Commander 

US  Army  Foreign  Science  and 
Tecimology  Center 
ATTN:  Rsch  &  Cncepts  Br 
220  7th  Street  ,  NE 
Charlottesville,  VA  22901 

4  Commander 

US  Array  Materials  Technology 
LalxDratory 

ATTN :  Technical  Library 
SLCMT-T,  J.  Mescall 
SIOIMT— T ,  R  •  Shea 
SLCMT-T,  S.  C.  Chou 
Watertown,  MA  02172-0001 

6  Commander 

US  Army  Research  Office 
ATTN :  Dr .  J ,  Chandra 

Dr.  G.  L.  Anderson 
Dr.  G.  Me37er 
Dr.  E.  Saibel 
Dr.  A.  Wouk 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709 

1  Commander 

US  Array  TRADOC 

ATTN:  DCSTSE 

Fort  Monroe,  VA  23651 


No.  of 

Copies  Organization 

1  Director 

US  Amry  TRADOC  Anal37sis  Center 
ATTN:  ATCR-TSL 
White  Sands  Missile  Range 
NM  88002-5502 

2  Commandant 
US  Array  Infantry  School 
ATTN:  ATSH-CD-CS-OR 
Fort  Benning,  GA  31905-5400 

1  Commander 

US  Army  War  College 
ATTN:  Lib 

Carlisle  Barracks,  PA  17013 
1  Commander^ 

US  Army  Command  ani  General  Staff 
College 

ATTN :  Archives 
Fort  Leavenworth,  KS  66027 

1  Commander 

U.S.  Army  Development  and 
Employment  Agency 
ATTN:  MODE-CRO 
Fort  Lewis,  WA  98433-5000 

1  Commandant 

Interservioe  Nucjlear  Weapons 
Scihool 

ATTN :  Technical  Library 
Kirtland  AFB,  NM  87115 

1  Chief  of  Naval  Research 
ATTN:  N.  Perrone 
Department  of  the  Navy 
Arlington,  VA  22217 

1  Office  of  Naval  Research 

ATTN:  Dr.  Faulstich,  Code  23 
800  N.  Quincy  Street 
Arlington,  VA  22217 

1  Director 

Strategic  S3^ems  Projects  Ofc 
ATTN:  NSP-43,  Tech  Library 
Department  of  the  Navy 
Washington,  DC  20360 
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1  Commander 

Naval  Facilities  Engineering 
Commajid 

Washington,  DC  20360 

3  Officer-in-ChargeCCode  L31) 

Naval  Constr  Btn  Center 
Civil  Engineering  Laboratory 
ATTN:  Stan  Takahashi 
R.  J.  Odello 
Technical  Library 
Port  Hueneme,  CA  93041 

1  Commander 

David  W.  Taylor  Naval  Ship  R  ®  D 
Ctr 

ATTN:  Lib  Div,  Code  522 
Bethesda,  MD  20084-5000 

1  Commander 

Naval  Surface  Weapons  Center 
ATTN:  DX-21,  Library  Br. 
Dahlgren,  VA  22448-5000 

2  Commander 

Naval  Surface  Weapons  Center 
ATTN:  Code  WA501,  Navy  Nuclear 
Programs  Office 
Code  WX21,  Tech  library 
Silver  Spring,  MD  20902-5000 

1  Commander 

Naval  Weapons  Center 
ATTN:  Code  533,  Tech  Lib 
China  Lake,  CA  93555-6001 

2  Commander 

Naval  Research  Laboratory 
ATTN:  Code  2027,  Tech  Lib 

Code  6382,  Dr.  Peter  Matic 
Washington,  DC  20375 

1  Superintendent 

Naval  Postgraduate  School 
ATTN:  Code  2124,  Technical 
Reports  I  library 
Monterey,  CA  93940 


No.  of 

Copies  Organization 
1  AFWL/SUL 

Kirtland  AFB,  NM  87117-6008 

1  Air  Force  Armament  Laboratory 
ATTN:  AFATL/DOIL  (Tech  Info 
Center) 

Fglin  AFB,  FL  32542-5438 

1  AFESC/RDCS 

ATTN :  Pa-ul  Rosengren 
Tyndall  AFB,  FL  32403 

1  AFWL/NTES,  R.  Benny 

Kirtland  AFB,  NM  87117-6008 

1  AFWL/NTED,  J.  W.  Aubr^ 

Kirtland  AFB,  NM  87117-6008 

2  Director 
Lawrence  Livermore  Lab. 

ATTN:  Tech  Info  Dept  L-3 

Dr.  M.  L.  Wilkins 
P.O.  Box  808 
Livermore,  CA  94550 

3  Director 

Los  Alamos  National  Laboratory 
ATTN:  Doc  Control  for  Rpts 
Lib 

FC-2/FCDNA,  WP/DNA 
MS  F635 
P.O.  Box  1663 
Los  Alamos,  NM  87545 

3  Director 

Sandia  National  Laboratories 
ATEN:  Doc  Control  for  3141 
Sandia  Rpt  Collection 
L.  J.  Vortman 
P.O.  Box  5800 
Albuqueixiue ,  NM  87185 

2  Director 

Sandia  National  Laboratories 
Livermore  Laboratory 
ATEN:  Doc  Control  for  Tech  Lib 
Dr.  D.  Bamman 
P.O.  Box  969 
Livermore ,  CA  94550 
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1  Diorector 

National  Aeronautics  and  Space 
Administration 
Scientific  &  Tedli  Info  Fac 
P.O.  Box  8757 
Baltimore-WasMngton 
International  Airport, 

MD  21240 

1  Director 

NASA-Ames  Research  Center 
Applied  Carputational 
Aerodynamics  Branch 
ATTN:  MS  202-14,  Dr.  T.  Holtz 
Moffett  Field,  CA  94035 

1  Director 

Jet  Propulsion  LalxDratory 
ATTN:  Lii  (TDS) 

4B00  OaJt  Grove  Drive 
Pasadena,  CA  91103 

1  National  Bureau  of  Standards 

ATTN:  Dr.  Timothy  Bums,  Rm  A151 
Technology  Building 
Gaithersburg ,  MD  20899 

1  Battelle  Memorial  Institute 
ATTN :  Technical  Library 
Dr.  A.  B.  Chaudhary 
505  King  Avenue 
Columbus,  OH  43201 

1  Director 

Battelle  Advanced  Concepts  Lab. 

Columbus  Division 
AITN:  Dr.  R.  Stein 
Warren,  MI  48090 

3  Aberdeen  Research  Center 
ATTN:  N.H.  Ethridge 
J.  Keefer 
Library 
P.O.  Box  548 
30  Diamond  Street 
Aberdeen,  MD  21001 


1  Adina  RSD,  Inc. 

ATTN:  Dr.  M.  Kojic 
71  Elton  Avenue 
Watertovm,  MA  02172 

1  Aerospaxse  Corporation 
ATTN:  Tech  Info  Services 
P.O.  Box  92957 
Los  Angeles,  CA  90009 

1  Agbabian  Associates 
ATTN:  M.  Agbabian 
250  North  Nash  Street 
El  Segundo,  CA  90245 

1  The  BDM  Corporation 
ATTN:  Richard  Hensley 
P.O.  Box  9274 
Albuquerque  International 
Albuquerque,  NM  87119 

1  Black  &  Veach  Consulting 
Engineers 

ATTN:  H.  D.  Laverentz 
1500  Meadow  Lake  Parkway 
Kansas  City,  MO  64114 

1  The  Boeing  Coirpany 

ATTN :  Aerospaxje  Library 
P.O.  Box  3707 
Seattle,  WA  98124 

1  California  Research  &  Technology, 
Inc. 

ATTN:  F.  Sauer 
Suite  B  130 
11875  Dublin  Blvd 
Dublin,  CA  94568 

1  California  Research  &  Technology, 
Inc. 

ATTN:  M.  Rosenblatt 
20943  Devonshire  Street 
Chatsworth,  CA  91311 
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1  Ceirpenter  Research.  Corporation 
ATTN:  H.  Jerry  Carpenter 
Suite  424 

904  Silver  Spur  Road 

Rolling  Hills  Estates,  CA  90274 

1  Dynajnics  Technology,  Inc. 

ATTN:  D.  T.  Hove 
Suite  300 

21311  Hawthorne  Blvd. 

Torrance,  CA  90503 

1  Forestall  Research  Center 
Aeronautical  Engineering  LaL 
Princeton  University 
ATTN:  Dr.  A.  Eringen 
600  Second  Street,  NE 
Princeton,  NJ  08540 

1  Good37ear  Aerospace  Corporation 
ATTN:  R.  M.  Brown,  Bldg  1 

Shelter  Engineering 
Litchfield  Park,  AZ  85340 

1  Honeywell,  Inc. 

Defense  S5^ems  Division 
ATTN:  Dr.  Gordon  JOhnson 
600  Second  Street,  NE 
Hopkins,  MN  55343 

6  Kaman  AvUDyne 

ATTN:  Dr.  R.  Reutenick  (4  cys) 
Mr.  S.  Criscione 
Mr.  R.  Milligan 
83  Second  Avenue 
Northwest  Industrial  Park 
Burlington,  MA  01830 

3  Kaman  Sciences  Corporation 
ATTN:  Library 

P.  A.  Ellis 
F.  H.  Shelton 

1500  Garden  of  the  Gods  Road 
Colorado  Springs,  CO  80907 


No.  of 

Copies  Organization 

1  Kaman-TEMPO 
AITN:  DASIAC 
P.O.  Drawer  QQ 
816  State  Street 
Santa  Barbara,  CA  93102 

1  Kaman-TEMPO 

ATTN:  E.  Bryant,  Suite  UL-1 
715  Shamrock  Road 
Bel  Air,  MD  21014 

1  Lockheed  Missiles  &  Space  Co. 
ATEN:  J.  J.  Murphy,  Dept.  81-11, 
Bldg.  154 
P.O.  Box  504 
SunnjA^ale,  CA  94086 

1  Martin-Marietta  Aerospace 
Orlando  Division 
ATTN:  G.  Fotieo 
P.O.  Box  5837 
Orlando,  FL  32805 

1  Martin-Marietta  Aerospace 
ATTN:  M.P.  17,  Dr.  Clayton 

MCKindray 

103  Cheasepeake  Park  Plaza, 

MD  21220 

2  MCDonnell  Douglas  Astronautics 

Corporation 

ATTN:  Robert  W.  Halprin 
K.A.  Heinly 
5301  Bolsa  Avenue 
Huntington  Beach,  CA  92647 

1  New  Mexico  Engineering  Research 

Institute  (CERF) 

ATTN:  J.  Leigh 
P.O.  Box  25  UNM 
Albuquerque,  NM  87131 

2  Physics  International  Corporation 
2700  Merced  Street 

San  Leandro,  CA  94577 
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2  RSD  Associates 

ATi'N :  TeGhnical  Library 
Allan  Kubl 
P.O.  Bok  9695 
Marina  del  Rey,  CA  90291 

1  RSfD  Associates 
ATTN:  Gary  P.  Ganong 
P.O.  Box  9335 
Albuquerque,  NM  87119 

2  Science  Applications,  Inc. 
AITN:  W.  Layton 

John  CoGka3me 
PO  BCK  1303 
1710  Goodridge  Drive 
McLean,  VA  22102 

1  Science  Applications,  Inc. 
ATTN :  Technical  Library 
1250  Prospect  Plaza 

La  Jolla,  GA  92037 

2  Southwest  Research  Institute 
ATTN:  A.  B.  Wenzel 

Dr.  U.  Lindhobm 
8500  Culebra  Road. 

San  Antonio,  TX  78228 

7  SRI  International 

ATEN:  Dr.  G.  R.  Abrahamson 
Dr.  Donald  R.  Curran 
Dr.  Donald  A.  Shockey 
Dr.  Lynn  Seainan 
Dr.  D.  Erlich 
Dr.  A.  Florence 
Hr.  R.  Caligliu?! 

333  Ravenswood  Aveniie 
Menlo  Park,  GA  94025 

2  S37steins,  Science  and  Software 
ATTN:  C.  E.  Needham 
L3nin  Kennedy 
PO  Box  8243 

Albuquerque,  NM  87198 


No.  of 

Copies  OrgaTH^.a.tinT. 

3  ^steins.  Science  and  Software 
ATTN :  Technical  Library 
R.  Duff 
K.  lyatt 
PO  Box  1620 
La  Jolla,  GA  92037 

1  Texas  Instrument 
ATTN:  MS  10-13, 

Dr.  W.  D.  Rolph.  Ill 
Attleboro,  MA  02703 

1  TRW  -  Ballistic  Missile  Division 
ATTN:  H.  Konnan, 

Mail  Station  526/614 
P.O.  Box  1310 
San  Bemadlno,  GA  92402 

2  TRW  S37stems  Group 

ATTN:  Benjamin  Sus^oltz 
Stanton  Fink 
One  Space  Park 
Redondo  Beach,  CA  90278 

1  Wilfred  Baker  Engineering 
ATEN:  Dr.  Wilfred  E.  Baker 
P.O.  Box  6477 
San  Antonio,  TX  78209 

5  Brown  University 

Division  of  Engineering 
ATEN:  Prof.  R.  Clifton 
Prof.  H.  Kolsky 
Prof.  L.  B.  Freund 
Prof.  A.  Needleman 
Prof.  R.  Asaro 
Providence,  RI  02912 

1  California  Institute  of 
Technology 
ATTN:  T.  J.  Ahrens 
1201  E.  California  Blvd. 

Pasadena,  GA  91109 
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3  Caxnegie-tfellon  Universtiy 
Department  of  Mathematics 
ATTN:  Dr.  D.  Owen 

Dr.  M.  E.  Gurtin 
Dr.  B.  D.  Coleman 
Pittsburgh,  PA  15213 

6  Cornell  University 
Dept  of  Theoretical 
and  Applied  Mechanics 
ATTN:  Dr.  Y.  H.  Pao 
Dr.  A.  Ruoff 
Dr.  J.  Jenkins 
Dr.  R.  Lance 
Dr.  F.  Moon 
Dr.  E.  Hart 
Ithica.  NY  14850 

2  Denver  Research  Institute 
University  of  Denver 
ATTN:  Mr.  J.  Wisotski 

Technical  Library 
PO  Box  10127 
Denver,  00  80210 

2  Harvard  University 

Division  of  Engineering 
and  Applied  Physics 
ATTN:  Prof.  J.  R.  Rice 

Prof.  J.  Hutchinson 
Cainbridge,  MA  02138 

2  Iowa  State  University 
Engineemg  Research  Lab 
ATTN:  Dr.  A.  Sedov 

Dr.  G.  Nariboli 
Ames,  lA  50010 

5  The  Johns  Hopkins  University 
ATTN:  Prof.  R.  B.  Pond,  Sr. 
Prof.  R.  Green 
Prof.  W.  Sharp 
Prof.  J.  F.  Bell 
Prof.  C.  Truesdell 
34th  and  Charles  Street 
Baltimore,  MD  21218 


No.  of 

Copies  Organization 

2  Lehigh  University 

Center  for  the  Application 
of  Mathematics 
ATTN:  Dr.  R.  Rivlin 

Dr.  E.  Varley 

Bethleham,  PA  18015 

1  Massachusetts  Institute  of 

Technology 

Aeroelastic  and  Structures 
Research  Lab 
ATTN:  Dr.  E.  A.  Witmer 
Cambridge,  MA  02139 

1  Massachusetts  Institute  of 
Technology 

Mechanical  Engineering  Dept 
ATTN:  Prof.  K.-J.  Bathe 
Cambridge,  MA  02139 

1  Massachusetts  Institute  of 
Technology 

ATTN :  Technical  Library 
Cambridge,  MA  02139 

1  Michigan  Technological  University 
Mechanical  Engineering  Dept 
ATTN:  Prof.  E.  Chu 
Bought  om,  MI  49931 

1  New  York  University 
Dept  of  Mathematics 
ATTN:  Dr.  J.  Keller 
University  Height 
New  York,  NY  10053 

1  North  Carolina  State  University 
Dept  of  Civil  Engineering 
ATTN:  Prof.  Y.  Horie 
Raleigh,  NC  27607 

1  Northrop  University 

ATTN:  Dr.  F.  B.  Safford 
5800  W.  Arbor  Vitae  St. 

Los  Angeles,  CA  90045 
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1  Pennsylvania  State  University 
Eagineering  Medhani.os  Dept 
ATTN:  Prof.  N.  Davids 
University  Paxk,  PA  16502 

3  Rensselaer  Polyteohni.cal 
Institute 

ATTN:  Prof.  E.  H.  Lee 
Prof.  E.  Krempl 
Prof.  J.  Flaherty 
Troy,  NY  12181 

1  Rice  University 

ATTN:  Dr.  C.  C.  ¥ang 
P.  0.  Box  1892 
Houston,  TX  77001 

1  Southern  Methodist  University 
Solid  Mechanics  Division 
ATTN:  Prof.  H.  Watson 
Dallas,  TX  75221 

1  Stanford  University 
Durand  Laboratory 
ATTN:  Dr.  D.  Bershader 
Stanford,  GA  94305 

1  Stevens  Institute  of  Technology 
Dept  of  Mechanical  Engineering 
ATTN:  Prof.  D.  W.  NicholSOn 
Hoboken,  NJ  07030 

1  Temple  University 

College  of  Engineering  Technology 
ATTN:  ,  Dr.  R.  Haythomthwaite 
Dean 

Philaxielphia  ,  PA  19122 

1  Tulane  University 

Dept  of  Mechanical  Engineering 
ATTN:  Dr.  S.  Cowin 
New  Orleans,  LA  70112 

3  University  of  California 
Dept  of  Engineering  Mchanics 
ATTN:  Dr.  M.  Carroll 

Dr.  W.  Goldsmith 
Dr.  P.  Naghdi 
Berkeley,  CA  94704 


No.  Of 

■Copies  Organization 

University  of  California 
Dept  of  Aerospace  and 
Mechanical  Engineering  Science 
ATTN:  Dr.  Y.  C.  Fung 
P.  0.  Box  109 
La  Jolla,  CA  92037 

1  University  of  California 
Dept  of  Mechanics 
ATEN:  Dr.  R.  Stem 
504  Hilgard  Avenue 
Los  Angele,  CA  90024 

1  University  of  California  at  Davis 
Dept  of  Engineering  Science 
ATTN:  Prof.  Y.  F.  Dafalias 
Davis,  CA  95616 

1  University  of  California 
at  Santa  Barbara 
Dept  of  Mechanical  Engineering 
ATTN:  Prcf.  T.  P.  Mitchel 
Santa  Baxbara,  CA  93106 

1  University  of  California 
at  Santa  Barbaxa 
Dept  of  Material  Science 
ATEN:  Prof.  A.  G.  Evans 
Santa  Barbara,  GA  93106 

1  University  of  California 
at  San  Diego 

Dept  of  Mechanical  Engineering 
ATTN:  Prcf.  S.  Nemat-Nassar 
La  Jolla,  GA  92093 

2  University  of  Delaware 
Dept  of  Mechanical  and 

and  Aerospace  Engineering 
ATEN:  Dr.  Minoru  Ta57a 
Prof.  J.  Vinson 
Newark,  DE  19711 
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Copies  OrgaPd-zatlon 

4  University  of  Florida 

Dept  of  Engineering  Science 
and  Mechanics 
ATTN:  Prof.  L.  Malvern 
Prof.  D.  Drucker 
Prof.  E.  Wal^ 

Prof.  M.  Eisenherg 
Gainesville,  FL  32601 

2  University  of  Hoxiston 

Dept  of  Mechanical  Engineering 
ATTN:  Dr.  T.  Wheeler 

Dr.  R.  Nachlinger 
Houston,  TX  77004 

2  University  of  Illinois 
Dept  of  Theoretical  and 
Applied  Mechanl.cs 
ATTN:  Dr.  D.  Caxlson 

Prof.  D.  Scott  Steward 
Urbana,  IL  61801 

2  University  of  Illinois 
at  Chicago  Circle 
College  of  Engineering 
Dept  of  Engineering, 

Mechanics ,  and  Ifetallurgy 
ATTN:  Prof.  T.  C.  T.  Ting 
Prof.  D.  Krajcinovic 
P.  0.  Box  4348 
Chicago,  IL  60680 

2  University  of  Kentucky 

Dept  of  Engineering  Mechanics 
ATTN:  Dr.  M.  Beatty 

Prof.  0.  Dillon,  Jr. 
Lexington,  KY  40506 

1  University  of  Kentucl^ 

School  of  Engineering 
ATEN:  Dean  R.  M.  Bowen 
Lexington,  KY  40506 

2  University  of  Maryland 
Dept  of  Mathematics 
ATTN:  Prof.  S.  Antman 

Prof.  T.  P.  Chou 
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